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An orthotropic material model is implemented in a three-dimensional material response
code, and numerically studied for charring ablative material. Model comparison is performed using an iso-Q sample geometry. The comparison is presented using pyrolysis gas
streamlines and time series of temperature at selected virtual thermocouples. Results
show that orthotropic permeability affects both pyrolysis gas flow and thermal response,
but orthotropic thermal conductivity essentially changes the thermal performance of the
material. The effect of orthotropic properties may have practical use such that the material
performance can be manipulated by altering the angle of orthotropic orientation.

I.

Introduction

ight-weight charring ablators have become a popular material to use in Thermal Protection Systems
L
(TPS), for hypersonic atmospheric entry missions.
Charring ablative materials are made of a fibrous
non-pyrolyzing matrix (carbon, ceramic, etc.) impregnated with pyrolyzing material (phenolic, silicon resin).
1, 2

One of the features of these materials is to absorb the aerodynamic heat through the endothermic reaction
of pyrolysis and ablation.3 Pyrolysis is the process in which the pyrolyzing polymer gradually carbonizes at
high temperature, losing mass and generating pyrolysis gas. The other phenomenon, near surface ablation,
occurs in a thin layer near the surface and refers to the mass removal of the char (composed of non-pyrolyzed
and residual carbonized material) through oxidation, sublimation, and spallation.
Recently, Weng and Martin4 show that due to the high enthalpy carried by the pyrolysis gas, the gas flow
behavior within a charring ablator is crucial to the inner thermal response of the material. In addition, since
the gas is eventually blown into the chemical reacting boundary layer,5 correct modeling of the pyrolysis gas is
also important to help determine the surface boundary conditions. The gas flow within the charring ablator is
often modeled as porous media flow, where steady-state Darcy’s law is usually assumed.6, 7, 8, 9 For unsteady
charring ablation problems, however, Ref. 4 shows that steady-state of Darcy’s law is not necessarily valid
for the whole geometry of small test articles used in arc-jet facilities. Hirata et. al.10 also proposed to use an
unsteady version of Darcy’s law, and they also identified a side wall blowing effect on arc-jet test samples.
However, their material property model is quite simple, especially for the permeability of the material,
which was assumed to be constant. Marschall and Cox11 show a great difference between virgin and char
properties through experiments. In their work, the orthotropic behavior of charring ablative materials was
also addressed. Specifically, ablative materials like PICA12 and SIRCA13 have different permeabilities and
thermal conductivities between the in-plane (IP) direction and the through-the-thickness (TTT) direction.
This behavior is due to the orientation of carbon (or ceramic) fibers on a micro scale.14 However, literatures
regarding the effect of orthotropic material properties are limited. This is perhaps due to the fact that
investigation of orthotropic model requires at least a two-dimensional (2D) code, while most of the MR
solvers are in one-dimensional (1D).15, 16, 17
Using the three-dimensional (3D) material response (MR) code developed in the present effort, the effects
of orthotropic material properties are numerically studied. In particular, the difference between isotropic
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and orthotropic model is investigated by looking at the thermal response and surface gas blowing pattern of
a charring ablative material. The outcome of this work demonstrates the implemented orthotropic material
model and its significance.
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II.

Numerical Framework

The 3D MR code developed in this work is Kentucky Aerodynamic and Thermal-response System
(KATS).18, 19 It is a paralleled code that uses ParMETIS20 for domain decomposition and MPI for message passing. KATS is based on finite volume method. The general conservation form of equations can be
written as:
∂Q
+ ∇ · (F − Fd ) = S.
(1)
∂t
Using backward Euler method and spatial integration, the following linear system is thus solved for each
control volume, at each time step:


V ∂Q ∂RHS
−
∆P = RHS,
(2)
∆t ∂P
∂P
where P, Q, and S are vectors of primitive variables, conservative variables, and source terms, respectively.
In this equation, RHS represents the right hand side of the linear system and is defined by:
X
RHS ≡ −
(F − Fd ) · nA + SV
(3)
faces

where F and Fd are respectively the matrices of convective and diffusive flux. The numerical scheme
used to calculate the convective flux is AUSM+-up (Advection Upstream Splitting Method).21 The first
Jacobian matrix ∂Q/∂P in Eq. (2) is calculated analytically and the second Jacobian ∂RHS/∂P is obtained
numerically via forward difference, where the perturbation to P is as small as the smallest positive floatingpoint number in double precision. The large sparse linear Eq. (2) is solved in the system at each time step,
via PETSc library.22

III.

Proposed models

The material response module in KATS solves for gaseous mass, solid mass, momentum and energy
conservations. The governing equations, in the context of Eq. (1) and (2), can be represented by the
following vectors and matrices:
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.







(5)

Pyrolysis gases model
In this work, the pyrolysis gases are assumed to be in chemical equilibrium and are treated as a single gas
species. The gas properties (e.g. viscosity, heat capacity) are obtained via equilibrium calculations.
Solid decomposition model
For solid species, a phenomenological three-components model is used for the charring ablative material.15
The ablating surface recession, however, is not modeled in this work. The total solid density is computed by
ρs =

3
X

Γi ρsi ,

(6)
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i=1

where Γi is the volume fraction of species i in the virgin composite. The intermediate properties are interpolated from virgin and char state, including porosity φ, permeability K, thermal conductivity k, etc. The
decomposition rate of each solid components is given by:

ψ


−Ei
ρs i − ρc i i
∂ρsi
exp
= −Ai ρv i
,
T > Treacti ,
(7)
ω̇si =
∂t
ρ vi
RT
where subscript v and c are respectively for virgin and char state of the solid material. The solid decomposition and pyrolysis gas generation balance themselves, thus ensuring total mass conservation:
ω̇g = −

3
X
∂ρs
Γi ω̇si .
=−
∂t
i=1

(8)

Gas momentum model
In this work, the gas transport is solved in a distinct momentum equation, which is a time dependent version
of Darcy’s law.23 The diffusive effect of porous media is treated as a source term in each direction of the
momentum equation, that is Dx , Dy , and Dz , as depicted in Eq. (4). These terms, in general, can be
calculated by solving the following linear equation:

 
 
Kxx Kxy Kxz
Dx
u

 
 
(9)
=
−φµ(1
+
F
o)
Kyx Kyy Kyz  Dy 
v  ,
Kzx Kzy Kzz
Dz
w
where F o is Forcheimer number and the term 1 + F o accounts for high velocity effects on pore scale. The
three-by-three matrix on the left hand side is a general anisotropic tensor of solid permeability. If the
material is assumed to be orthotropic, such that the in-plane is the x-y plane and the through-the-thickness
direction is the z-direction, Eq. (9) can be greatly simplified:

 
 
KIP
Dx
u

 
 
(10)

KIP
 Dy  = −φµ(1 + F o)  v  ,
KT T T
Dz
w
⇒ Dx = −

φµ
(1 + F o)u,
KIP

Dy = −

φµ
(1 + F o)v,
KIP

However, if the TTT direction is rotated by an angle θ (between



cos θ − sin θ 0
KIP
cos θ
sin θ



 sin θ
cos θ 0 
KIP
 − sin θ cos θ
0
0
1
KT T T
0
0

Dz = −

φµ
(1 + F o)w.
KT T T

(11)

TTT and z direction), Eq. (10) becomes:
 
 
0
Dx
u
 
 
(12)
0 Dy  = −φµ(1 + F o)  v  ,
1
Dz
w

The diffusive effect of porous medium flow in the energy equation is modeled as a source term:
 
Dx 

 
SD = Dy  u v w = Dx u + Dy v + Dz w
Dz
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(13)

Mixture energy model
The mixture energy equation assumes the gas and solid are in thermal equilibrium. The conductive heat
flux, as shown in Fd of Eq. (5), is also given in a generic anisotropic fashion as following:



∂T /∂x
kxx kxy kxz



(14)
Fconduction = kyx kyy kyz  ∂T /∂y  .
∂T /∂z
kzx kzy kzz
Similarly, if the material is orthotropic with z direction being TTT direction, Eq. (14) yields
Fcond,x = kIP

∂T
,
∂x
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IV.

Fcond,y = kIP

∂T
,
∂y

Fcond,z = kT T T

∂T
.
∂z

(15)

Test Case Description

In this work, a total of seven cases is performed using TACOT material, which is a theoretical light-weight
ablative composite that has properties based as PICA.24, 12 The sample geometry used in each case is an
iso-Q shape, a geometry that is widely used in arc-jet experiments. The front surface curvature is described
in Ref. 25.
Figure 1 illustrates the iso-Q sample geometry mesh as well as the location of virtual thermocouples.
The idea of virtual thermocouples is to track the temperature history of selected points. The location of

(b) Thermocouples location26

(a) Iso-Q (30×10+70×40 cells)

Figure 1. Geometry and thermocouples location of the iso-Q sample25

thermocouples are listed in Table 1.
Table 1. Coordinates of thermocouples

TC#
1
2
3
4
5

Coordinate (m)
(0, 0, -3.81e-3)
(0, 0, -7.62e-3)
(0, 0, -1.143e-2)
(0, 0, -1.524e-2)
(0, 0, -3.048e-2)

TC#
6
7
8
9
10

Coordinate (m)
(0, 0, -2.286e-2)
(2.54e-2, 0, -2.286e-2)
(3.81e-2, 0, -2.286e-2)
(4.445e-2, 0, -2.286e-2)
(4.445e-2, 0, -3.048-2)

Since the objective of this work is to solely investigate the orthotropic material model, the boundary
conditions and initial settings of each case are set to be identical. Figure 2 shows the boundary conditions

4
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Figure 2. Illustration of boundary conditions and computational geometry

applied. The heat flux and pressure on the surface are non-uniform, the profiles of which are given in Fig. 3(a).
The ramping profiles for both heat flux and pressure boundary condition are presented in Fig. 3(b). Note
that the surface heat flux is directly applied as the boundary condition, that neither hot-wall nor blowing
correction is used. The description of each test case is presented in the following.

(a) Non-uniform Distribution

(b) Ramping over time

Figure 3. Pressure and heat flux boundary condition

• First case: the control test case, in which material properties are all isotropic. In the rest of the cases,
orthotropic properties are used. In this work, the two orthotropic directions: in-plane orientation and
through-the-thickness direction, are corresponding to x-y plane and z-direction, respectively.
• Second case: the permeability in IP direction is assumed to be twice as large as in TTT direction; the
thermal conductivity is isotropic.
• Third case: the permeability in IP direction is assumed to be three times as in TTT direction; the
thermal conductivity is isotropic.
• Fourth case: the permeability in IP direction is assumed to be half of the value in TTT direction; the
thermal conductivity is isotropic.
5
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• Fifth case: the permeability is isotropic but the thermal conductivity in IP direction is assumed to be
two times as in TTT direction.
• Sixth case: both the permeability and thermal conductivity in IP direction is assumed to be two times
as in TTT direction.
• Seventh case: both the permeability and thermal conductivity in IP direction is assumed to be half of
the value in TTT direction.

V.
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V.A.

Results and Discussion

Pyrolysis gas transport

The numerical results of pyrolysis gas transport are presented in Figs. 4 to 10, for case 1 to case 7, respectively.
00
00
In these
√ plots, the contour |ṁ | represents the local momentum of pyrolysis gas, which is given as |ṁ | =
2
2
2
φρg u + v + w . It is seen from Figs. 4 to 6 that, when permeability is greater in IP direction, the
streamlines lean towards the horizontal IP direction, especially in the char layer; the shoulder point blowing
rate is also increased. Then, in Fig. 7, the permeability is smaller in the IP direction and the streamlines
lean towards the TTT direction. These effects are due to the fact that high permeability in one direction
allows the gas to transport easier in that direction.
Comparing Fig. 4 with Fig. 8, it can be seen that the streamlines are very similar, if not identical. This
suggests that the change of thermal conductivity has little influence on the gas flow direction. Notice that
when comparing Fig. 4(a) with Fig. 8(a), it is clear to see the gas momentum right below the decomposition
zone is slightly enhanced. This is probably caused by the greater thermal conductivity in the IP direction,
which enhances the side wall heating and thus, raises the centerline temperature and enhances the pyrolysis
gas generation.
When both orthotropic models are used, the material responses are the combination of each model. As
expected, the streamlines in Fig. 9 are very close to the ones in Fig. 5, where they have the same permeability
matrix. Because the permeability model dominates the pyrolysis gas flow direction. Similarly, Fig. 10 and
Fig. 7 are quite close for the same reason. On the other hand, the orthotropic thermal conductivity has tiny
effect on the gas momentum contour, which is due to the same analysis for case 5.

(a) 20 sec

(b) 40 sec

(c) 60 sec

Figure 4. Case 1: Isotropic permeability

V.B.

Thermocouple plots

The temperature time-series on 10 thermocouple are presented in Figs. 11 to 20. The first case in which
isotropic properties are used, is plotted using a solid line, while the others are dotted with symbols. Note
6
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(a) 20 sec

(b) 40 sec

(c) 60 sec

Figure 5. Case 2: Orthotropic permeability: KIP /KTTT = 2

(a) 20 sec

(b) 40 sec

(c) 60 sec

Figure 6. Case 3: Orthotropic permeability: KIP /KTTT = 3

7
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(a) 20 sec

(b) 40 sec

(c) 60 sec

Figure 7. Case 4: Orthotropic permeability: KIP /KTTT = 0.5

(a) 20 sec

(b) 40 sec

(c) 60 sec

Figure 8. Case 5: Orthotropic heat conductivity: kIP /kTTT = 2

8
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(a) 20 sec

(b) 40 sec

(c) 60 sec

Figure 9. Case 6: Orthotropic permeability and heat conductivity: KIP /KTTT = kIP /kTTT = 2

(a) 20 sec

(b) 40 sec

(c) 60 sec

Figure 10. Case 7: Orthotropic permeability: KIP /KTTT = kIP /kTTT = 0.5

9
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that, the first six thermocouples are located on the centerline of the iso-Q sample. The temperature profiles
on these points confirms the side wall heating effects, since the temperature rises when the in-plane thermal
conductivity is doubled, which enhances the horizontal heat transfer. It is also interesting to see that
permeability (or gas transport) also alters the thermal response. When the permeability on IP direction is
increased, the centerline temperature is also increased. This is likely due to the fact that when horizontal gas
transport is encouraged, more gas is pulled downward from pyrolysis zone and exits through the side-wall;
the hot gas going down further heats up the centerline material.
For thermocouples 7 to 10, the temperature profile shows different results. For high IP thermal conductivity, the temperature is higher than the isotropic case at the beginning, then it drops below the solid line
at around 40 seconds (the time when heat is removed). This can be explained by the fact that when the
side-wall heat flux is applied, the temperature rises faster due to the higher thermal conductivity. When
heat is removed, the temperature also drops faster. On the other hand, when IP permeability is increased,
the temperature on these thermocouples is lower than the isotropic case. This is due to the fact that the
gas within the material is relatively cold compared to the heated side wall. When the gas is transported
horizontally towards the side, the cooler gas brings down the temperature at these thermocouple locations.

Figure 11. Thermocouple 1

Figure 12. Thermocouple 2

Figure 13. Thermocouple 3

Figure 14. Thermocouple 4

Figure 15. Thermocouple 5

Figure 16. Thermocouple 6

10
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Figure 17. Thermocouple 7

Figure 18. Thermocouple 8

Figure 19. Thermocouple 9

Figure 20. Thermocouple 10

VI.

Conclusions

As a conclusion, an orthotropic material properties model was numerically studied by performing a series
of 3D simulations on an iso-Q shaped model. As expected, the orthotropic model affected the inner thermal
response and the pyrolysis gas flow pattern greatly. In particular, the orthotropic permeability enhanced the
pyrolysis gas flow in the direction that has higher permeability. Using this knowledge, the gas flow within
the material and the blowing direction can be manipulated by altering the orientation angle of the material
to obtain the desired thermal or blowing performance.
Orthotropic permeability also altered the thermal response slightly. It was shown that if IP direction
permeability was higher, the centerline temperature increased, and the temperature near shoulder region
decreased. On the other hand, the influence of orthotropic thermal conductivity on pyrolysis gas flow
was small. However, it greatly affected the thermal response (temperature) of the material. When the
thermal conductivity in IP direction was higher, the centerline temperature was increased, which proved the
hypothesis of side-wall heating effect.
In summary, the results of this study have 1) demonstrated the complex effects of orthotropic material
properties, 2) shown the effects of pyrolysis gas flow on thermal response, 3) shown the importance of using
orthotropic model, and 4) validated the orthotropic properties model using the MR module of KATS.

VII.
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